Abstract -The objective of this research was to evaluate combinations of liquid media obtained from agro-industrial residues and by-products, with solid media prepared with mixtures of grains and their derivatives, aiming to increase the production of JAB 02 and JAB 45 isolates of Lecanicillium lecanii. Sporulation, conidial viability and process yield were evaluated as well as the production costs using the JAB 45 isolate as a model system were analyzed. The production of JAB 02 was not increased using the biphasic culture. For JAB 45, some combinations provided an increase in yield, especially cheese whey with wheat bran and wheat grain, with lower production costs. Viability was not influenced by the production method, and the combinations showed no differences in the process yield. The biphasic method is suitable for the production of L. lecanii, and proves to be an appropriate technology to use in mass production by biofactories.
Introduction
Microbial control has been considered an important tool in integrated pest management (IPM) and is an ecologically favorable strategy compared to conventional chemical control (Barranco-Florido et al., 2002) . In this approach, entomopathogenic fungi are employed as biocontrol agents reducing pest populations and, consequently, their damages in different agro-ecosystems (Inglis et al., 2001) .
The use of fungi in the control of agriculturally harmful pests depends on different factors, including the ability to produce high concentrations of stable propagules at a reasonable cost (Jaronski, 1986; Latgé et al., 1986) . Industrial production systems for some entomopathogenic fungi use a biphasic method in which the fungal inoculant -mycelia or hyphae -is produced in liquid culture, and then is transferred to solid substrates in order to increase conidial production (Guillon, 1997) .
There are several advantages of the biphasic fungal production system. For instance, the liquid culture can act as a barrier against contaminants that might be present in the original culture stock. In addition, this system promotes increased competitiveness of the fungus, thus reducing the risk of the solid substrate Pesq. agropec. bras., Brasília, v.45, n.10, p. 1157-1163, out. 2010 being colonized by contaminating microorganisms. Additionally, this process ensures a uniform colonization of the solid substrate, resulting in homogeneous fungal growth. Finally, the colonization and production of conidia is faster, reducing the incubation time and economizing physical space (Jenkins et al., 1998) .
Although there is a large number of studies on the production of entomopathogenic fungi, the majority focus on the direct production on solid media, while few examine a biphasic culture system.
The fungus Lecanicillium lecanii (Zimmerman) Zare and Gams is one of the most promising agents in the biocontrol of agricultural pests (Lecuona & Riba, 1991) , since it is capable of causing disease in many insects such as aphids, mealybugs, thrips, and white flies, as well as in mites and phytopathogenic fungi (Wenzel et al., 2006) . In order to enable the use of this entomopathogen in biological control programs for crop pests, a prior knowledge of the optimal culture conditions (Barbosa et al., 2002) and environmental factors (Monteiro et al., 2004 ) is necessary, as well as the production of large quantities of fungal conidia. Despite its potential uses, only one reference (Derakhshan et al., 2008) was found for the use of the biphasic culture system to produce this fungus.
The objective of this study was to evaluate combinations of liquid media obtained from agro-industrial residues and by-products with solid media prepared with mixtures of grains and derivatives aiming to increase the production of JAB 02 and JAB 45 isolates of L. lecanii.
Materials and Methods
Isolates JAB 02 and JAB 45 of L. lecanii [Laboratório de Microbiologia, Departamento de Produção Vegetal, Faculdade de Ciências Agrárias e Veterinárias (FCAV), Universidade Estadual Paulista (Unesp), Jaboticabal, SP] were originally obtained from the green cochineal Coccus viridis (Green, 1889) (Hemiptera: Coccidae) from orange orchards in the municipalities of Ubirajara and São Carlos, São Paulo, Brazil (Barbosa et al., 2002) .
The choice of liquid and solid media for the production of L. lecanii using the biphasic system was based on the results of Machado et al. (2009) . According to these authors, liquid media were prepared with 85% press water from cassava, 5.5% sugar cane molasses, 4.0% Milhocina, and 100% whey from the production of fresh cheese provided the best results for production of the JAB 02 isolate. For the JAB 45 isolate, liquid media prepared with cassava press water (100%), Milhocina (4.0%) and cheese whey (85%) was the most favorable.
As to the solid media, mixtures composed of course-ground wheat and sorghum at the ratio of 85:15, course-ground wheat and lentils (70:30), wheat bran and sorghum (85:15) and wheat bran and lentils (70:30) were the most favorable for the production of the JAB 02 isolate. Media prepared with wheat bran and lentils (70:30), wheat bran and millet (85:15), wheat bran and wheat grain (70:30) and course-ground wheat and lentils (55:45) increased conidial production for the JAB 45 isolate (Machado et al., 2009) .
For the biphasic combination between liquid and solid media, the determined concentrations for the preparation of liquid media were made diluting the substrate in distilled water and adding 1% dextrose to the media composed of 4.0% Milhocina. The pH of each medium was adjusted to 6.5 (Monteiro et al., 2004) and 250 mg L -1 chloramphenicol was added to prevent bacterial recontamination after autoclaving. One hundred milliliters of each medium were aliquoted into an Erlenmeyer flask, which was sealed and autoclaved for 20 minutes. After cooling, the media were inoculated with three 8-mm diameter discs taken from fungal colonies grown in BDA medium for 15 days. The fungus was incubated in the dark at 25.0±0.5ºC for seven days. After this incubation period, the mycelial mass formed was crushed for five seconds using a vertical mixer and filtered through a 1-mm mesh sieve, resulting in a suspension of mycelial fragments and conidia.
The solid substrate was prepared separately according to the methodology described in Penariol et al. (2008) . For treatments with primarily wheat bran substrates, 100 g of the respective mixtures were placed in polypropylene bags, and for treatments composed of course-ground wheat substrates 200 g were used. The bags were sealed and autoclaved during 50 minutes. In laminar flow, the media were inoculated with 3 mL of the liquid medium culture suspension through an approximately 3-cm hole at one end of the polypropylene bags. The open end was sealed and the bags were incubated in the dark at 25.0±0.5ºC for 15 days.
After the incubation period, ten samples totaling 1 g were randomly collected from each bag with solid media. The material was suspended in 9 mL of a 1:1 mixture of a saline solution (NaCl 0.89% w v -1 ) and Tween 80 (0.1% v v -1 ). Then, it was vigorously shaken to release the conidia and filtered through a voile fabric to remove solid particles. The number and viability of the conidia produced from the suspension was determined using a Neubauer chamber, according to the method described by Francisco et al. (2006) .
The process yield was determined by collecting 10 g of substrate with the fungus grown in each bag. This material was suspended in 50 mL of a Tween 80-saline solution (1:1), vigorously shaken, stored for 24 hours, and then filtered through a 1-mm mesh sieve. The solid residue retained in the sieve was removed and dried at 60ºC until it reached constant weight, determined using an analytical scale. The liquid suspension was then centrifuged at 705.6 g for six minutes and the supernatant discarded. The conidia mass retained in the bottom of the centrifuge tube was also incubated in an oven at 60ºC until constant weight. The relationship between the dry mass of the conidia and the dry material of the substrate was thereafter determined as percentage.
A production cost analysis was performed using the experimental results. As a model, the production of 50 kg day -1 of a not formulated product on the basis of the JAB 45 isolate of L. lecanii was simulated, using a small scale biofactory comprising 22 working days per month. The production cost structure applied was the operational costs proposed by Matsunaga et al. (1976) and used by the Instituto de Economia Agrícola, São Paulo, Brazil. The raw material parameter was the only factor altered, as the media that provided the best results were used in the biphasic combination for this isolate. The liquid media were not included in the analysis because they are considered agroindustrial residues and were used in small amounts when compared to the solid media.
The Estat Program (Estat, 1997) was used to carry out the statistical analyses. A completely randomized design was used, and data (four replicates per treatment) were subjected to variance analysis using the F test. Means were compared using the Tukey test at 5% probability. The data from the conidial production, viability and process yield were transformed into log (x), arc sen x/100 and log x + 1, respectively.
Results and Discussion
Conidia production from the JAB 02 isolate was not significantly influenced by biphasic culture among the combinations tested (Table 1 ). The biphasic combinations using the inoculation produced in the liquid media based on cassava press water, resulted, on average, in higher values for this parameter. Among these, the combination with wheat bran and lentils had conidia production 2.5 times higher (3.58 x 10 7 g -1 ) than the conventional production method (1.42 x 10 7 g -1 ), which uses only solid media (Machado et al., 2009) .
The conidia viability from the combination of sugar cane molasses with the solid medium of course-ground wheat and sorghum was significantly lower than with cheese whey and cassava press water ( Table 1) . The high percentage of viable conidia from the first combination, however, confirms that this fungal production method is fully satisfactory. In relation to process yield, only the combination of molasses with course-ground wheat and lentils differed from the combination of liquid medium with wheat bran and sorghum and Milhocina with course-ground wheat and sorghum, showing that the process yield was very similar concerning all combinations evaluated for the JAB 02 isolate (Table 1) .
In some combinations, the biphasic culture system increased conidia production from the JAB 45 isolate, which was of the order of 10 9 g -1 (Table 2) , as the conventional culture on solid media produced 10 8 g -1 (Machado et al., 2009 ). The best results were obtained from the combinations of cheese whey with the media containing wheat bran. Among these, the combination of cheese whey with the mixture of wheat bran and wheat grain was the most favorable. This mixture provided a conidia yield 1.9 and 2.4 times greater than that obtained in media containing wheat bran and lentils and wheat bran and millet, respectively, although not statistically different. The analysis of variance for the viability of the conidia from JAB 45 isolate was not significant ( Table 2 ), indicating that biphasic production and conventional culture on solid media (Machado et al., 2009 ) did not influence this parameter, which remained higher than 97% for all the treatments.
Independently of the liquid medium used as the inoculant, the solid medium prepared from course-ground wheat and lentils provided the best yield (Table 2) , although this medium favored the sporulation of the JAB 45 isolate when combined with Milhocina. The vigorous agitation of the media by shaking and the 24 hours of storage combined with the physical structure of these substrates possibly allowed the release of components that were deposited together with the conidia following centrifugation, and could (1) Means followed by equal letters, in the columns, do not differ by the Tukey test at 5% probability. Conidia production, viability and yield were transformed with log (x), arc sen x/100 and log x + 1, respectively, for statistical analysis (2) Obtained from the ratio between the dry mass of the substrate and the dry mass of the conidia.
ns Nonsignificant. ** and *Significant at 1% and 5% probability, respectively. (1) Means followed by equal letters, in the columns, do not differ by the Tukey test at 5% probability. Conidia production, viability and yield were transformed with log (x), arc sen x/100 and log x + 1, respectively, for statistical analysis (2) Obtained from the ratio between the dry mass of the substrate and the dry mass of the conidia.
ns Nonsignificant. ** and *Significant at 1% and 5% probability, respectively. not be removed using the cited methodology. The combinations of cheese whey with mixtures containing wheat bran in addition to favoring sporulation of the isolate did not result in a high yield.
The structure of the substrate may be as important as the available nutrients (Lomer & Lomer, 2008) . According to these authors, an ideal substrate should provide a high ratio between the superficial area and volume where the individual particles remain separated, in order to provide space between particles for aeration and conidia formation. The solid media based on wheat bran and course-ground wheat mixed with either sorghum and lentils or millet and wheat grain were more suitable for the production of L. lecanii isolates, possibly responding better to these media due to their textures. Moreover, these substrates are rich in nutrients and the availability of these nutrients in the liquid media contributed to increase the conidia production, especially for the JAB 45 isolate.
An economic analysis (Table 3 ) considered the media that provided the best results for the production of the JAB 45 isolate. The average operational costs of fungal production in a medium composed of wheat bran and wheat grain at the ratio of 70:30 was the lowest among those analyzed, and provided higher conidia yield per gram of substrate. The estimated sales price is consistent with that of other biological products available in the market. This is important, since the availability of quality products at competitive prices is one of the essential requirements for the effective implementation of biological control with entomopathogenic fungi in Brazilian agriculture.
Different methods were evaluated for the production of L. lecanii, including production using liquid and solid substrates and a combination of them (Derakhshan et al., 2008) . These authors observed that the production of conidia using the biphasic culture system with a combination of 4% sugar cane molasses and grain rice provided an increase of 2.43 and 1.16 times when compared to production in liquid and solid media, respectively. Those results are similar to those found in this research for some of the combinations evaluated for the JAB 45 isolate.
Using the biphasic culture system for the production of Beauveria bassiana (Balsamo) Vuillemin (1912), Santoro et al. (2005) obtained greatest sporulation when rice grain was combined with liquid media made with crysalid flour or with crysalid flour + potato + dextrose, reaching a yield of 2.7 and 2.8 x 10 12 g -1 , respectively. According to these authors, the available nutritional source in liquid media influenced sporulation on solid media and, compared to the conventional production of this fungus, there was a 100 to 1,000 fold increase in productivity, which also reduced the production time. Kassa et al. (2008) cultivated B. bassiana and Metharizium anisopliae (Metsch.) Sorokin (1879) in liquid media containing various concentrations of cheese whey, and transferred 10 mL of these media into Petri dishes to solidify and promote sporulation. Under such (1) Results based on the potential production of 1,100 kg per month.
(2) Solid media containing wheat bran were combined in the biphasic system with cheese whey and media containing course-ground wheat were combined with Milhocina. WB, wheat bran; Wg, wheat grain; L, lentils; M, millet; and CgW, course-ground wheat. conditions, they observed an increase in sporulation for both fungi as a function of the increase in the whey concentration, and the largest productions were obtained with B. bassiana, which produced 8 x 10 7 and 9 x 10 7 conidia mL -1 in cheese whey concentrations of 62.5 and 87.5 g L -1 , respectively. Based on these findings, Kassa et al. (2008) considered cheese whey a promising substrate for the production of these fungi, especially because of its environmental aspect, since it is a waste pollutant if not treated by the cheese production industry. Similarly, results obtained for L. lecanii in the present study indicates that cheese whey is an adequate medium for fungal production in a biphasic system, since it provided higher conidial production, especially for JAB 45 isolate.
The combination of the liquid media made with soy flour and dextrose and solid media with a broken corn, rice, barley, sorghum, oats and coconut fiber base was evaluated for the production of seven Hirsutella thompsonii Fischer (1950) isolates, and one H. nodulosa Petch (1926) isolate (Rosas-Acevedo et al., 1995) . These authors concluded that the biphasic method increased sporulation of both fungi.
The fungi and substrates used in the various studies regarding the biphasic culture system are very diverse, which makes a comparison of the results very difficult. However, an increase in the production of conidia using a biphasic system was noted and verified as a suitable method for promoting fungus production. Thus, results are promising and may stimulate further research aiming to maximize the production of this entomopathogen using a biphasic culture system.
Conclusions
1. The biphasic culture system increases conidia production of Lecanicillium lecanii in the JAB 45 isolate, and none of the tested combinations increase conidia production in the JAB 02 isolate.
2. The conidial viability of both isolates is not influenced by the production method.
3. For the JAB 45 isolate, the biphasic combination that provides the best results for conidia production also has the lowest production cost.
